Thermal management is one of the crucial concerns for mid-and high-power white light-emitting diodes (LEDs). Most of the currently available white LEDs on the market consist of a blue LED chip coated with a yellow phosphor-polymer composite. Besides the heat-induced degradation of the phosphor-polymer composite, the so-called thermal quenching, i.e. the decrease in light output upon increasing temperature, is also a pressing issue. Both result in an efficiency decrease and in a color change of the LED. In this work, a method to determine the thermal diffusivity and the thermal conductivity of phosphors is presented using lanthanide-doped glasses as test samples. In the quest for temperature-stable phosphors with a high thermal conductivity, such luminescent glasses might represent an attractive alternative. Thermal waves are introduced to the samples by periodical heating with a laser. Lock-in infrared thermography, a non-destructive method, is used to monitor even small changes in surface temperature. The phase delay of the thermal wave passing through the sample is analyzed at different lock-in frequencies and a mathematical fitting of the phase data then provides the coefficients required to determine the thermal diffusivity. Subsequently, the thermal conductivity is calculated from the thermal diffusivity, the mass density, and the specific heat capacity.
Introduction
White light-emitting diodes (WLEDs) are currently revolutionizing the lighting market. These WLEDs are commonly comprised of a blue emitting LED chip and a yellow phosphor powder embedded in a polymer matrix on top [1] . The phosphor converts part of the blue light from the LED chip to longer wavelengths such that the combined spectra of the remaining blue radiation from the LED chip and the phosphor emission lead to a white color impression. During the light conversion process, heat is inevitably generated due to the energy difference between the primary blue and the generated longer wavelength photons [2, 3] . This heat is a substantial part of the overall losses of WLEDs adding up to the heat losses in the LED chip [4] . The phosphor-polymer composite, in particular the polymer, is prone to aging due to high temperatures and intense blue light radiation [5, 6] .
Suitable candidates to replace the composite are luminescent glasses which possess high thermal and chemical stability. Luminescent glasses have attracted much attention in the last decades, in particular for applications such as lasers, optical fibers, and optical amplifiers. Borate glass is very versatile and a good host for luminescent lanthanide ions; it provides high optical transparency, good lanthanide ion solubility [7] , and it can be cast in almost any shape or size. Nevertheless, in high-power applications such as laser-based remote phosphor concepts, the optical output power is limited by the temperature of the converter due to thermal quenching. For an efficient cooling of the phosphor, its thermal conductivity is an important parameter.
To analyze the thermal properties of lithium borate glasses optically-activated with different levels of europium ion concentration, thermal waves are introduced to the glass samples through periodical heating with a laser, which is synchronized to the image acquisition by an infrared camera. The phase delay between the triggering of the heat source and the thermal wave detected on the opposite side of the sample is then analyzed. A mathematical fitting of the frequency-dependent phase delay data provides the coefficients required to determine the thermal diffusivity of the material. Subsequently, the thermal conductivity of the material is calculated from the thermal diffusivity, the mass density, and the specific heat capacity [8] [9] [10] [11] [12] [13] [14] [15] .
Experimental details

Sample composition and preparation
The investigated borate glasses consist of the base components boron oxide (B 2 O 3 from Alfa Aesar, 99.98 % purity) as network former and lithium oxide (Li 2 O from Alfa Aesar, 99.5 % purity) as network modifier in the ratio of 2 to 1. The property modifier aluminum oxide (Al 2 O 3 from Alfa Aesar, 99 % purity) is added for higher chemical stability and to reduce hygroscopicity. In addition, the glasses are doped with different amounts of europium oxide (Eu 2 O 3 from Alfa Aesar, 99.99 % purity) for optical activation. The chemicals are mixed and afterwards melted in a platinum gold crucible (Pt/Au 95/5) at 1000 °C for approximately 3 h. For further details on the glass preparation, refer to [16, 17] . The exact compositions are summarized in Table 1 . 
Measurement setups
The setup to measure the thermal diffusivity of the samples consists of an infrared (IR) camera (InfraTec ImageIR 8380S), a 980-nm laser diode (Thorlabs L980P100) with an optical output power of 100 mW for optical heating, a sample holder and a lock-in synchronization box, as shown in Fig. 1(a) . The IR camera uses an indium antimonide (InSb) focal plane array (FPA) snapshot detector with a geometric resolution of 640 × 512 px²; the spectral range for detection is between 2.0 μm and 5.7 μm. For lock-in thermography measurements, the laser and the IR camera are connected to a control box synchronizing the image capturing and the laser pulses for different lock-in frequencies, f. The output of the laser is switched on and off by the synchronization box. Thus, the front side of the samples is periodically heated. Thermal waves are generated and travel through the sample. Subsequently, the phase delay of the thermal waves (relative to the laser triggering signal from the synchronization box) is monitored at the back side of the sample by recording the surface temperature with the thermographic system [13] .
To exclude the effect of convection, the sample is placed in a closed vacuum chamber, depicted in Fig. 1(b) . This chamber includes two glass windows: a sapphire glass that is transparent for IR radiation and a borosilicate glass transparent for the laser wavelength of 980 nm. For the measurements, the chamber is evacuated to pressures below 10 mbar.
The mass density, ρ, of the different glasses is measured by a density determination kit of an analytical balance (Mettler-Toledo XS105DU) based on the Archimedes principle. The specific heat capacity, c p , is determined with a differential scanning calorimeter (Netzsch DSC 404 F1 Pegasus) according to DIN 51007 using sapphire as reference. The samples are cut into small pieces, ground in a mortar to a fine powder, and then filled in platinum rhodium crucibles (Pt/Rh 80/20). An empty crucible is used to measure the baseline. The temperature is increased with a heating rate of 20 K/min and the nitrogen flow is set to 20 ml/min during the measurements. has an optical output power of 100 mW. The sample surface is coated in black from both sides to increase optical absorption and thermal emission.
Evaluation of the phase values
In general, the temperature evolution, T(r,t), at a time, t, and at a distance, r, of the sample in the experiment can be described by the heat equation
where k is the thermal conductivity, g the volumetric heat rate, and α the thermal diffusivity which is defined as:
with ρ the mass density and c p the specific heat capacity.
To calculate the temperature distribution in the experiment, the heat equation (1) needs to be solved with a harmonically oscillating point-like heat source at the front surface of the sample (r = 0) in spherical coordinates. Using the thermal diffusion length, ( ) μ α π = ⋅f , the angular frequency, ω = 2π f, and the sample thickness, d, the temperature at the back surface of the sample directly opposite to the laser, T(d,t), as depicted in Fig. 1(c) , can be described as [13] :
The phase delay of the thermal wave, φ wave , can be expressed as
The total phase delay, φ, obtained from lock-in measurements, consists beside the phase of the heat wave, φ wave , also of a system-depending phase delay, φ system : system wave system
Given that the variable b is defined as
the phase delay, φ, of the thermal wave at the backside of the sample can consequently be expressed as follows:
For each sample, the lock-in frequency, f, is varied within a specific range. Subsequently, the corresponding phase delay, φ, is plotted versus the lock-in frequency, f. To determine the thermal diffusivity, α, the measured phase delay is analyzed on the basis of Eq. (7). The obtained fitting parameter, b, is then used to calculate the thermal diffusivity, α. Subsequently, the thermal conductivity, k, is calculated using Eq. (2).
Experimental results and discussion
Lock-in thermography parameters
To determine the thermal diffusivity, α, the amplitude and phase information of the generated thermal waves are measured. For each sample, a frequency range between 0.2 Hz and 1 Hz is used. Measurement period, required for the temperature, amplitude, and phase information to stabilize, is analyzed for each sample and an initial warm-up time of approximately 10 minutes is used to allow the samples to reach the thermal equilibrium prior to the measurements. The time between measurements at different frequencies is kept as short as possible to prevent cooling of the sample. After the initial warm-up, a temperature of 27 °C is observed at the area of heating for all samples at all lock-in frequencies. Figure 2 (a) shows a thermographic image of an undoped lithium borate glass sample after 7 minutes of laser heating with a lock-in frequency of 0.2 Hz. Figure 2(b) shows the amplitude of the thermal waves at the position indicated in Fig. 2(a) . A clear maximum of the amplitude is visible where the front side of the glass is hit by the laser. From this point outwards the amplitude of the thermal waves approaches zero Kelvin within a radius between 3 and 4 mm. For the analysis of the thermal diffusivity, the phase information as shown in Fig. 2(c) is directly recorded at the region of the maximum amplitude visible in Fig. 2(b) . 
Phase delay analysis and thermal diffusivity
Figure 3(a) shows the experimentally determined phase values (symbols) along with their corresponding fitting curves (solid lines) for all glass samples investigated. In Fig. 3(b) , the phase data are thickness corrected and the frequency axis is scaled proportional to f 1/2 . Thus, the slopes of the curves in Fig. 3(b) are proportional to the fitting parameter b as defined in Eq. (6) . The resulting thermal parameters are summarized in Table 2 . The europium ion concentration does not have a significant influence on the thermal conductivity of the lithium borate glass. 
Mass density and heat capacity
The results for the measurements of the mass density, ρ, and the specific heat capacity, c p , are listed in Table 2 . The mass density increases and the specific heat capacity decreases with increasing europium ion concentration.
However, the volumetric heat capacity, c p,V = c p ⋅ ρ, of the glasses is not affected by the change in europium ion concentration. A possible explanation for this observation might be that the europium ions are not part of the glass network and thus are not participating in the vibrations of the glass matrix (phonons). The volumetric heat capacity values are included in Table 2 .
Conclusion
An approach based on lock-in thermography was used to measure the thermal diffusivity of lithium borate glasses with different europium ion concentrations. Lock-in thermography proved to be a suitable method to monitor even small changes in the thermal diffusivity values of the differently doped glasses. To determine the thermal conductivity of the investigated samples, their density and heat capacity were also measured. It was found that the europium ion concentration in the glasses has no significant influence on the thermal diffusivity or the volumetric heat capacity, and thus no effect on the thermal conductivity. As such it can be inferred that the europium ion concentration does not affect the thermal properties of the material. This behavior leads to the suggestion that europium ions do not participate in the vibrations of the glass matrix, possibly due to not being part of the glass network.
